



















ELEC T R O W EA K C O N ST R A IN T S O N SEE-SAW M ESSEN G ER S A N D T H EIR
IM P LIC AT IO N S FO R LH C
F.DEL AG UILA,J.A.AG UILAR-SAAVEDRA,J.DE BLAS and M .PEREZ-VICTO RIA
Departm ento de Fsica Teorica y delCosm os and CAFPE,
Universidad de Granada,E-18071 Granada,Spain
W e review the present electroweak precision data constraints on the m ediators ofthe three
types ofsee-saw m echanism s. Except in the see-saw m echanism oftype I,with the heavy
neutrino singletsbeing m ainly produced through theirm ixing with the Standard M odellep-
tons,LHC willbe able to discoverorputlim itson new scalar(see-saw oftypeII)and lepton
(see-saw oftype III) triplets near the TeV.Ifdiscovered,it m ay be possible in the sim plest
m odels to m easure the light neutrino m ass and m ixing properties that neutrino oscillation
experim entsare insensitive to.
1 Introduction
Asitiswellknown,the originalsee-saw m echanism 1,nowadays called oftype I,explainsthe
sm allness ofthe light neutrino m asses jm j 1 eV invoking a very heavy M ajorana neutrino









M N ; (1)
where jj 1 isthe corresponding Yukawa coupling and v ’ 246 G eV the electroweak vacuum
expectation value. For reviews see2;3. Alternatively,ifthe heavy scale is at the LHC reach
M N  1 TeV,it requires a very sm allheavy{light m ixing angle jV j 10
  6. In its sim plest
form them odelcannotbetested atlargecolliders,becausetheheavy neutrino N isa Standard
M odel(SM ) singlet and only couples to SM gauge bosons through its m ixing V . Hence it is
produced through the vertex   g=
p
2 ‘V‘N PLN W
 
 ,with ‘ a charged lepton,with a cross
section proportionalto jV‘N j
2,which isstrongly suppressed.SeeFig.1-(I).Therearetwo other






































































Figure 2: See-saw m echanism s oftype I,II and III.N , and  are the Yukawa coupling m atrices in the
Lagrangian term s   lL ~
y
N
N R ,~lL  (~ ~ )lL and   ~ R  (~
y ~
2
lL ),respectively,with ~lL =   l
T
L C i2 and C the
spinorcharge conjugation m atrix.W hereas isthe coe cientofthe scalarpotentialterm ~
y
(~ ~ )y.
in Fig. 2. In allcases the extra particles contribute atlow energiesto the dim ension 5 lepton
num ber(LN)violating operator4














and ~ = i2
); (2)
which gives M ajorana m asses to light neutrinos after spontaneous sym m etry breaking. The
see-saw oftypeII 5 in Fig.2 ism ediated by an SU (2)L scalartriplet ofhyperchargeY = 1,
im plying threenew com plex scalarsofchargesQ = T3 + Y :
+ + ; + ; 0.Thesee-saw oftype
III 6 exchanges an SU (2)L ferm ion triplet ofhypercharge Y = 0,assum ed to be M ajorana
and containing charged leptons and a M ajorana neutrino 0.Them ain dierence forLHC
detection is that the see-saw m essengers for these last two m echanism s can be produced by
unsuppressed processes ofelectroweak size (Fig. 1). Their decay,even ifsuppressed by sm all
couplings,can takeplacewithin thedetectordueto thelargem assofthenew particle.Allthree
types ofsee-saw m essengers produce LN conserving as wellas LN violating signals,but the
form erhavem uch largerbackgrounds.O n theotherhand,sam e-sign dilepton signals,l l(
0) X ,
do not have to be necessarily LN violating. Thus,in the exam ple in Fig. 1{(II),the decay
coupling  needs not be very sm allbecause it is only one ofthe factors entering in the LN
violating expression for m asses(seeTable1).In fact,thisprocessisLN conserving aswecan
Table1:Coe cientsoftheoperatorsup to dim ension 6 arising from theintegration oftheheavy  eldsinvolved in




  (~ yTi~ )(
y
i),respectively,and (e)jj thediagonalised SM charged-lepton Yukawacouplings.Therem aining
param etersare de ned in the caption ofFig.2.



















































































































conventionally assign LN equalto 2 to      .Thereareotherprocessesthatdo violate LN,e.g.
when one ofthe doubly-charged  in Fig. 2{(II) decays into W W . Then,what does violate
LN is the corresponding W W vertex,which is proportionalto the coupling ofthe only LN
violating term in the fundam entalLagrangian ~y(~ ~)y,with totalLN equalto 2. In the
exam plesin Fig.1{(I,III)LN isviolated in thedecay (m ass)ofthe heavy neutralferm ion.
In conclusion,allthe three m echanism s produce sam e-sign dilepton signals,but only the
lasttwo are observable atLHC 7;8;9;10;11;12;13 in m inim alm odels. Heavy neutrino singletsin
particularnon-m inim alscenarioscould also beobserved,asdescribed in Section 3.
In thefollowing werstreview theexperim entalconstraintson theparam etersentering the
three see-saw m echanism s,and then the LHC reach forthe corresponding see-saw m essengers.
Com plem entary reviewson thissubjecthavebeen presented byotherspeakersatthisConference
(see F.Bonnet,T.Ham bye and J.K ersten in these Proceedings).
2 Electrow eak precision data lim its on see-saw m essengers
Thelow energy eectsofthe see-saw m essengerscan bedescribed by the eective Lagrangian






L6 + :::; (3)
where isthecut-o scale,in ourcaseoftheorderofthesee-saw m essengerm assesM ,and the
dierentterm scontain gauge-invariantoperatorsofthecorresponding dim ension.Thenon-zero
term sup to dim ension 6 are14;15



























































































































where we choose the basisofBuchm ullerand W ylerto expressthe result16.lL standsforany
lepton doublet,eR forany lepton singlet,and  isthe SM Higgsdoublet.In Table 1 wecollect
the explicit expressionsofthe coecients in term s ofthe originalparam eters for each type of
see-saw (see Fig.2 and thetable caption fordenitions).
O nly the dim ension 6 operators can give deviations from the SM predictions for the elec-
troweak precision data (EW PD).The operators ofdim ension 4 only redene SM param eters.
Theoneofdim ension 5 givestiny m assesto thelightneutrinos,and contributesto neutrinoless
double  decay. An im portantdierence isthatthe coecient 5 involves LN-violating prod-
ucts oftwo ’s or of and ,while the other coecients depend on   or jj2. Therefore,









which breakscustodialsym m etry and m odiestheSM relation between thegaugeboson m asses.
EW PD are sensitive to allthese eectsand putlim itson thesee-saw param eters.
There are two classes of processes, depending on whether they involve neutralcurrents
violating lepton avour (LF)or not. The rstclass putsm ore stringentlim its17;18,butonly
on thecom binationsofcoecientsentering o-diagonalelem ents.Thesecond classism easured
m ainly atLEP 19 and constrainsthecom binationsin thediagonalentries20.TheLF violating
lim its are satised in types I and III ifN and  m ainly m ix with only one charged lepton
fam ily. In Table 2 we collect the boundsfrom EW PD on the N and  m ixings with the SM
leptonsV‘N ;‘
20,and in Table3 theirproductincluding theLF violating bounds17;18. These
Table 2:Upperlim itat90 % con dencelevel(CL)on theabsolute valueofthem ixings.The rstthree colum ns
areobtained by coupling each new lepton with only oneSM fam ily.Thelastonecorrespondsto thecaseoflepton
universality: three new lepton m ultipletsm ixing with only one charged-lepton fam ily each,allofthem with the
sam e m ixing angle.Allnum bersare com puted assum ing M H  114:4 G eV.

































< 0:019 0:017 0:027 0:016
valuesupdate and extend previousboundson diagonalentriesforN 21;22 (see also23.) Their
dependenceon them odelparam etersenteringin theoperatorcoecientsin Table 1isexplicitin
therstcolum n ofTable 2.Alllow energy eectsareproportionalto thism ixing,and thesam e
holdsforthegaugeand Higgscouplingsbetween thenew and theSM leptons,responsibleofthe
heavy lepton decay (and N production ifthere isno extra NP).An interesting by-productofa
non-negligiblem ixing oftheelectron orm uon with a heavy N isthatthetto EW PD prefersa
Higgsm assM H higherthan in theSM ,in betteragreem entwith thepresentdirectlim it.This
isso becausetheircontributionsto them ostsignicativeobservablespartially cancel24,so that
Table 3:Upperlim itat90 % CL on the absolute value ofthe productsofthe m ixingsbetween heavy singletsN
and triplets with theSM leptons,V V










0.0030 0.0001 0.01 0.0004 1:1 10  6 0.0005
0.0001 0.0032 0.01 1:1 10  6 0.0003 0.0005
0.01 0.01 0.0062 0.0005 0.0005 0.0007
both the m ixing and M H can be relatively large withoutspoiling the agreem ent with EW PD.
Thenew 90 % CL on M H increasesin thiscase
20 up to  260 G eV (seealso25;26).In allother
casesthelim itstaysat 165 G eV.
In type IIsee-saw a crucialphenom enologicalissue isthe relative size of( )ij and  for





gives the strength ofthe LN violation. If is sm allenough,( )ij can be relatively large
and saturatepresentlim itson LF violating processes,eventually showing atthenextgeneration
ofexperim ents. Ifinstead ( )ij are very sm all,the avour structure appears only in the 
m ass m atrix. The present lim its are reviewed in 15. Neglecting LF violating bounds (i.e.,
assum ing that( )ee issm allenough notto give a too large  ! eee decay rate), and 
are constrained by the T oblique param eter and four-ferm ion processes,respectively. From a





< 0:048TeV   1;
j( )e j
M 
< 0:100TeV   1: (7)
3 D ilepton signals ofsee-saw m essengers
Thepreviouslim itsapply to any particletransform ing asthecorresponding see-saw m essenger,
independently ofwhetheritcontributesornotto lightneutrino m asses.Asindicated above,in
m inim alm odels the tight restriction im posed by  m asses (Eq. 1) gives m uch m ore stringent
lim its for the m ixings ofTeV-scale see-saw m essengers. However,these lim its can be avoided
ifadditionalparticlesgive additionalcontributionsto neutrino m assesthatcanceltheprevious
ones,forinstanceiftheferm ionicm essengersarequasi-Dirac,i.e.a nearly degenerateM ajorana
pairwith appropriate couplings27. The EW PD lim its are in thiscase relevantforproduction
and detection oftypeIm essengersN ,butthesignalsaredierentbecausethey conserveLN to
a very large extent 14;28.O n the otherhand,type IIand IIIm essengerswith m assesnearthe
TeV can be produced and detected atLHC even in m inim alm odels. Letusdiscussthe three
typesofsee-saw m echanism in turn.
3.1 Type I:Ferm ion singletsN
As already explained,a type I heavy neutrino N with a m ixing saturating the EW PD lim it
cannot be M ajorana, unless extra elds with a very precise ne tuning keep the  m asses
sm allenough 29. Unnaturalcancellations allowing for LN-violating signals are also possible
in principle. In thiscase a fastsim ulation shows thatLHC can discover a M ajorana neutrino
singletwith M N ’ 150 G eV forjVN j 0:054 (neartheEW PD lim it)
8,assum ingan integrated
lum inosity L = 30 fb  1.
Such a signalcan be also observed for m uch sm aller m ixings and larger m asses ifthere is
som eextra NP 30,especially iftheextra particlescan becopiously produced atLHC 31.Thisis
thecase,forinstance,ifthegaugegroup isleft-rightsym m etricand thenew W 0
R
hasa few TeV
m ass. Then pp ! W 0
R
! ‘N ! ‘‘0W is observable,even with negligible m ixing V‘N ,for M N
and M W 0
R
up to 2.3 TeV and 3.5 TeV,respectively,32 foran integrated lum inosity L = 30 fb  1.
Sim ilarly,ifthe SM isextended with a leptophobic Z 0,the processpp ! Z 0! N N ! ‘‘0W W
can probeZ 0m asses33 up to 2.5 TeV,and M N up to 800 G eV.
3.2 Type II:Scalar triplets 
SU (2)L scalartripletscan beproduced through theexchangeofelectroweak gaugebosonswith
SM couplings,and then they m ay be observable form assesnearthe TeV scale (see forreviews
3;31). Although suppressed,theirdecayscan occurwithin the detectorforthese large m asses.
In Fig.1-(II)we display one ofthe possible processes.The search strategy and LHC potential
depend on the dom inant decay m odes. These are proportionalto the  vacuum expectation
value j<  0 > j v ,as for exam ple
9    ! W  W  ,orto ( )ij,as
11    ! l l(
0) .
   can also decay into   W   ifkinem atically allowed (see10). Allthese dierent decay
channelsm ake the phenom enologicalanalysisofsingle and pair   production quite rich12.




< 2 G eV.This is to be
com pared with jm j= 2
p
2v j j 10
  9 G eV,which gives a m uch m ore stringentconstraint
fornon-negligible .Dilepton (diboson)decaysaredom inantforv < (> )v
c

 10  4 G eV.If
forinstance isofthesam esizeasthecharged lepton Yukawa couplings 10
  2  5 10  6,v
variesfrom 5 10  8 to 10  4 G eV,below thecriticalvaluevc

,and decaysm ainly into leptons.
In thiscasetheLHC reach forM    hasbeen estim ated,based on statistics,to be 1 TeV for
an integrated lum inosity L = 300 fb  1.In Fig.3 weplottheinvariantm assdistribution m ‘‘ of
sam e-sign dilepton pairscontaining the lepton oflargest transverse m om entum for M  = 600
G eV.Asthisfastsim ulation analysisshows,theSM background iswellseparated from thesignal,
and theLHC discovey potentialstrongly dependson thelightneutrino m asshierarchy.Forthe
sim ulated sam ple we nd 4 (44) signalevents for the norm al m ass hierarchy NH (inverted
IH),wellseparated from the m ain backgrounds:ttnj (1007 events),Zbbnj (91 events),tW (68
events),and Zttnj (51 events). W e getrid ofotherpossible backgroundslike ZZnj requiring
no opposite-sign dilepton pairswith an invariantm assin therangeM Z  5 G eV.Forlargerv
values,with dom inantnon-leptonicdecays,thecorresponding reach estim atebased on statistics
is  600 G eV.Note that only in the leptonic case LHC is sensitive to the see-saw avour
structure. Near the criticalvalue,one could in principle extract inform ation on the structure
and on theglobalscale ofthe see-saw.
Tevatron Collaborationshavealready established lim itson thescalartripletm assassum ing
that   ! l l 100 % ofthetim e:Atthe95 % CL M    > 150 G eV for
  only decaying
to m uons34,and an integrated lum inosity L = 1:1 fb  1.
3.3 Type III:Ferm ion triplets 
Notsom uch attention hasbeen payed tothestudy oftheLHC reach forSU (2)L ferm ion triplets
.Up tovery recently asim ilarelectroweak process,theproduction ofaheavy vector-likelepton
doublet35,had to beused to guessthatLHC could besensitiveto M   500 G eV.A dedicated
study 13 estim ates that an integrated lum inosity L = 10 fb  1 should allow to observe LN
violating signals(seeFig.1-(III)fora relevantprocess)forM  < 800 G eV.Vector-like ferm ion
triplets couple to SM leptons proportionally to its m ixing Vl,which is  10
  6 according to
Eq.1 if isatthe LHC reach  1 TeV.So,one can eventually im prove the analysisusing the
displaced vertex signaturesoftheirdecays.

















Figure3:Sam e-sign dilepton invariantm assdistributionsforM  = 600 G eV and norm al(NH)and inverted (IH)




Sam e-sign dilepton signalsl l(0) X willallow to setsignicative lim itson see-saw m essengers
atLHC,asillustrated in Table4.Theestim atesforM  and M  arem ainly based on statistics,
Table 4: LHC discovery lim it estim ates for see-saw m essengers, assum ing an integrated lum inosity L =
30;300 and 10 fb
  1
forN ;  and  ,respectively.See Section 3 fora detailed explanation.
M N M  M 
LHC reach (in G eV) 150 600  1000 800
and a m ore detailed analysisisneeded to conrm them .
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